Introduction
Investigation has been made on the photophysical and excited-state redox behavior of 8-quinolinol (called q) metal chelates for application to photosensitizers. Since the first report of organic light-emitting diodes (OLEDs) fabricated using tris(8-hydroxyquinolinolate)-aluminum(III) (Alq 3 ) in 1987 [1] , organic metal chelates have attracted much attention due to their high thermal stability, electron transport, and luminescent properties material [2] [3] [4] . Alq 3 , however, has some fatal deficiencies in practical OLED applications, e.g., operational stability. Therefore it is needed to find more stable (8- * E-mail: tsuboi@cc.kyoto-su.ac.jp hydroxyquinolinolate)-metal compounds. A candidate is bis(8-hydroxyquinoline) zinc (Znq 2 ), which has been presented to be useful for high efficiency and low operating voltage OLEDs [2, 5, 6] .
Many metal chelates have general formula Mq n , where n equals the oxidation state of the metal M. Of various Mq n compounds including Rhq 3 , Irq 3 , Biq 3 , Pbq 2 , Ptq 2 [4] and Tbq 3 [7] , most studies have been made on Alq 3 [8] [9] [10] and Znq 2 [11] [12] [13] [14] [15] . The optical properties of bis(8-hydroxyquinoline) magnesium (Mgq 2 ) are little known.
Although the photoluminescence (PL) and PL excitation (PLE) spectra at room temperature and PL lifetime of Znq 2 have been reported [7, [11] [12] [13] [14] [15] , there is no report on the PL spectra at low temperature and PL quantum efficiency. Here we report the absorption, PL spectra, PL lifetime, and PL quantum efficiency of Mgq 2 and Znq 2 , in the powder state and in solution. We show that Mgq 2 is more highly efficient material than Znq 2 .
Experimental procedure
Mgq 2 was synthesized by mixing 8-quinolinol and Mg(OH) 2 in distilled water at 95
• C, where Mg(OH) 2 was prepared by applying spark discharge to magnesium metal in distilled water. As the mole ratio of 8-quinolinol to Mg(OH) 2 , 2:1 was chosen. The reaction time of 3.5 h leads to change of solution color from red-orange to yellow and leads to formation of gray-color Mgq 2 powder. The obtained powders were dried at 110
• C. Znq 2 was synthesized by mixing 8-quinolinol and ZnO in distilled water at 95
• C. The ZnO was prepared by applying spark discharge to zinc metal in distilled water. As the mole ratio of 8-quinolinol to ZnO, 2:1 was chosen. The reaction time of 0.5 h leads to change of solution color from redorange to yellow and leads to formation of yellow-color Znq 2 powder. The obtained powders were dried at 110
• C. The molecular structure of Znq 2 is shown in Fig. 1 .
X-ray powder diffractions (XRDs) were obtained with a Rigaku-Denki RINT2500VHF X-ray diffractometer using Cu K α radiation. Data were collected at room temperature in the 2θ range of 5-35
• . Optical absorption spectra
were measured with a Shimadzu UV-3100PC spectrophotometer. The PL and PLE spectra were measured with a Spex FluoroMax-3 or Fluorolog-3 fluorophotometer. The excitation source was a 450 W Xe-lamp. Filters were used to avoid the half and second harmonics of the excitation light. PL quantum efficiency (QE) was measured with a Hamamatsu Photonics C9920-02 and 03 internal QE measurement system which consists of Xe-lamp, monochromater, integrated sphere, and multichannel spectral analyzer PMA-2. The PL decay time was measured with a Horiba TemPro Stand-alone Filter-based lifetime system, which uses a 372 nm laser diode (pulse width is 1.5 ns) as excitation source and a time-correlated single photon counting method for acquisition of PL decay data. as (111). Unlike the case of nanoribbon, however, several additional peaks appear at 2θ =10-15
Experimental results and discussion
• .
Absorption spectra of Mgq 2 and Znq 2 in acetonitrile (CH 3 CN) solvent at room temperature (RT) are shown in Fig. 3 . Absorption rises from about 450 nm. A weak absorption band appears at about 380 nm and intense absorption band at about 250 nm for Znq 2 . Similar spectrum is obtained for Mgq 2 although the spectrum is blue shifted a little from the Znq 2 spectrum. The two samples in the acetonitrile solution, however, show quite different PL spectra between Mgq 2 and Znq 2 which have emission bands with peaks at about 480 and 555 nm, respectively (Fig. 4) . The PLE spectra for these emission bands give the similar spectra to the absorption spectra for both samples. When measured with the same concentration (e.g., 0.2 g/mL) for Mgq 2 and Znq 2 in acetonitrile solution, we observed a factor of 1 increase in the PL intensity for Mgq 2 , indicating much lower PL efficiency for Znq 2 . This is confirmed from the PL QE measured with an integrated sphere under the 355 nm excitation. The obtained efficiency is 0.03 for Znq 2 , which is much lower the efficiency Table 1 . We observed the PL peak of Znq 2 at 547, 496, and 560 nm in tetrahydrofuran (THF), chloroform, and ethanol solutions, respectively. Such different PL peaks in different solvents means strong solvation effect for Znq 2 . Regarding Mgq 2 , we observed the PL peak at 480, 478, and 486 nm in THF, chloroform, and ethanol solutions, respectively, which is quite close to the PL peak at 480 nm in CH 3 CN solution. The solvation effect is smaller for Mgq 2 than for Znq 2 . Figure 5 shows the PL spectra of Mgq 2 and Znq 2 powders (microcrystals) at RT. The PL band peaks are observed at 482 and 496 nm for Mgq 2 and Znq 2 , respectively. Lu et al observed the PL spectra of Mgq 2 powder under various high pressures at RT [17] . The PL peak is at about 485 nm at 1 atom, which is close to the present result of 482 nm. Sui and Yan observed a PL band with peak at 495 nm from Znq 2 film [7] , which is consistent with our result. The emission peak is almost the same between the powder and solution for Mgq 2 , while a large peak shift is observed for Znq 2 . The PL efficiency measured under the 355 nm excitation shows 0.50 for Znq 2 , while 0.38 for Mgq 2 . The higher efficiency for Znq 2 is quite different from the case of solution.
The observed PL QE and PL peak wavelength of Mgq 2 and Znq 2 powders and solution are summarized in Table  1 . The reason for the very low QE for Znq 2 in solution is not clear. Strong dipole-dipole interaction between the Znq 2 and solvent molecules (i.e., solvation effect) induces energy transfer from the excited Znq 2 molecule to solvent molecule. This is consistent with the observation of higher QE value, 0.50, for Znq 2 powder where such a solvation effect is not present. Therefore it is proposed that the low QE for Znq 2 in solutions is due to the energy transfer to solvent molecules. Unlike the case of Mgq 2 , the PL peak wavelength of Znq 2 depends on solvent strongly. Baldacchini et al found that PL peak wavelength of Alq 3 changes when Alq 3 molecules are trapped in different sol-gel matrixes, and suggested presence of interaction of Alq 3 with neighboring molecules [18] . Such a solid solvation effect is confirmed to be applicable to the case of Znq 2 molecule in solutions.
The PL and PLE spectra at 12 K are shown in Fig. 6 . The PL band peak shifts by about 15 nm to high energy at 12 K for the two samples. The PLE spectra are quite similar between Mgq 2 and Znq 2 at RT and 12 K except the low energy shift at around 450 nm for Znq 2 . This indicates that the main absorption bands in Mgq 2 and Znq 2 arize from the common 8-quinolinol ligand. Unlike the case of Alq 3 [9, 10] , the vibronic structure is not found at low temperature.
The PL decay curves are shown for Mgq 2 and Znq 2 in acetonitrile solution in Fig. 7 . The decay curve is not single exponential but seems biexponential for the two samples. Same results were also obtained for the other solvents. The two PL lifetimes are collected in Table 1 . Figure 8 shows the PL decay curves for Mgq 2 and Znq 2 powders. The two samples show a quite similar single exponential with the PL lifetimes of 24 and 25 ns for Mgq 2 and Znq 2 , respectively. Du et al obtained PL lifetime of 25 ns [13] , which is close to our lifetime.
Two PL lifetimes are obtained in all the solutions. The same results are obtained between the aerated solution and the solution charged with N 2 gas to expel oxygen from the aerated solution. Therefore it is concluded that presence of two decay components is not due to energy transfer to oxygen. When the Mgq 2 concentration in ethanol increases, the intensity of the longer decay component increases. The same was observed for Znq 2 
Summary
Znq 2 and Mgq 2 have the lowest-energy absorption band at 376 and 396 nm in acetonitrile solution, respectively, and emission band with peak at 555 and 480 nm. Unlike the case of PL quantum efficiency, the PL lifetime is quite similar between Mgq 2 and Znq 2 in not only solution but also powder. The PL quantum efficiency (QE) of Znq 2 is low (0.03) in the solution, while that of Mgq 2 is much higher (0.45) than the case of Znq 2 . In the powder, the emission band peak is at 496 and 482 nm for Znq 2 
